. Clear delineation of orthologous relationships between genes is obviously indispensable for the reconstruction of the evolution of species and their genomes. Indeed, species phylogenies aim at representing the course of past speciation events, and hence only relationships among orthologous genes are expected to serve that purpose 4 . Furthermore, orthology is the most accurate way of describing differences and similarities in the composition of genomes from different species, because orthologues by definition trace back to an ancestral gene that was present in a common ancestor of the compared species. Of even more immediate importance to biologists is the common, even if often implicit, reliance on orthology for the transfer of functional information from experimentally characterized genes in model organisms to uncharacterized genes in newly sequenced genomes [5] [6] [7] . The validity of such transfer of functional annotation is predicated on the 'orthology-function conjecture': orthologues carry out identical, or more precisely biologically equivalent, functions in different organisms; by contrast, the functions of para logues typically diverge after duplication 6, 8 . Recently, however, this conjecture has been seriously challenged by a report claiming that paralogues within the same organism are more closely related functionally than are orthologues in different organisms at the same level of divergence 9 . Methods for inferring orthology and paralogy relationships from sequence data have been topics of intense research for the past 15 years or so, and there is currently a plethora of practical approaches and databases. The methodological aspects of orthology and paralogy inference, as well as the most popular methods, have been extensively reviewed elsewhere 6, [10] [11] [12] [13] [14] . Moreover, a recent international initiative, called the Quest for Orthologs, consolidates the efforts of many research groups in setting common standards and benchmarking various methods for orthology identification 15, 16 . In this Perspective, we do not focus on specific methods but rather investigate the implications of the orthology and paralogy concepts and assess different facets of the 'generalized orthology conjecture': that is, the set of key implications of the orthologous and paralogous relationships between genes for sequence, structural and functional similarity. We believe that a reassessment of the entire concept of orthology is timely because, should the orthology conjecture indeed prove to be false 9 , the implications both for our fundamental understanding of the evolutionary process and for functional annotation of genomes would be dramatic.
Gene homology relationships
The original definition of orthology refers to two modes of divergence from a common ancestral gene and purely rests on evolutionary grounds 1, 2, 6 . This definition is simple in principle, but complex combinations of lineage-specific gene duplications, losses and horizontal gene transfer events often give rise to intricate evolutionary scenarios and complicated relationships when considering more than a pair of genes (that is, when multiple paralogues and/or multiple species are involved) 6, 14, [17] [18] [19] 
. This inherent complexity of the evolutionary scenarios drove the adoption of additional definitions to account for particular situations when comparing two or more genomes
. In particular, the term co-orthologue indicates that a gene (or several genes) has more than one orthologue in a given genome. The related concept of orthologous groups refers to a set of homologous genes that evolved from a single ancestral gene after a given speciation event 20 . Orthologous groups thus include orthologues and co-orthologues but also paralogues that evolved by lineagespecific duplication after the relevant speciation event. The terms in-paralogues and out-paralogues were introduced to distinguish between paralogous genes that duplicated, respectively, after or before a given speciation event 5, 21 .
Orthology beyond the gene. The original definition of orthology and paralogy is genocentric: evolutionary biologists traditionally speak of orthologous and paralogous genes. However, the advances of comparative genomics have made it Abstract | Orthologues and paralogues are types of homologous genes that are related by speciation or duplication, respectively. Orthologous genes are generally assumed to retain equivalent functions in different organisms and to share other key properties. Several recent comparative genomic studies have focused on testing these expectations. Here we discuss the complexity of the evolution of gene-phenotype relationships and assess the validity of the key implications of orthology and paralogy relationships as general statistical trends and guiding principles.
PERSPECTIVES
clear that the exclusive focus on genes as units of evolution is an over-simplification of the actual evolutionary relationships. Differences in domain architectures among proteins encoded by genes that are deemed orthologous or paralogous are common and functionally important 22, 23 , particularly in multicellular eukaryotes, in which domain accretion often leads to lineage-specific, highly complex domain architectures [22] [23] [24] .
Furthermore, alternative splicing and alternative transcription, which are pervasive in multicellular eukaryotes 25, 26 , additionally complicate the notions of orthology and paralogy.
These findings seem to require reconceptualization of orthology, whereby the unit of orthology is changed from a gene (and thereby a protein or a non-coding RNA) to an evolutionarily stable domain or possibly even smaller units 6 . Betweenspecies differences in domain architectures of homologous proteins can lead to complex networks of relationships that cannot be disambiguated under a genocentric definition of orthology The evolutionary diversification of gene families through speciation but also through duplication and loss can give rise to intricate scenarios. The figure represents the evolutionary relationships of diverse members of the transferrin family, which is a group of proteins involved in iron transport and homeostasis 55 . It was derived using information from the Phy0008E70_HUMAN entry in PhylomeDB 56 and a previous phylogenetic analysis of this family 55 . The transferrin family underwent a series of gene duplications (indicated as red nodes in the figure) and gene loss events at different evolutionary times, thus creating distinct subgroups of genes that derived from a single ancestral gene (genes in shaded boxes). Each shaded area encompasses genes that derive from a single ancestral gene in the chordate (A), vertebrate (A1, A2 and A3) or eutherian (A2.1, A2.2 and A1.1) ancestors.
According to the original definition of orthology, the type of homologous relationship between any pair of related genes can be established on the basis of the history of divergence from their common ancestor. In the example shown in the figure, orthologous pairs of genes can be recognized as those for which the last common ancestor is represented as a speciation node (for example, Danio rerio A3 and Gallus gallus A3, or D. rerio A3 and Ciona intestinalis A). Conversely, paralogous genes would trace back to a duplication node as their last common ancestor (for example, D. rerio A3 and D. rerio A1, or D. rerio A3 and G. gallus A2). These straightforward pairwise relationships yield more complex correspondence structures when considering more than a pair of genes or multiple species. For instance, D. rerio A2 has two orthologues (that is, co-orthologues) in humans (Homo sapiens A2.1 and H. sapiens A2.2), constituting a one-to-many relationship. Over a greater evolutionary distance -for example, between H. sapiens and Drosophila melanogaster -even more complicated, many-to-many orthology relationships are observed within this family. The three D. melanogaster genes are co-orthologous to the three H. sapiens genes in the family, but this relationship cannot be specified further because the duplications that yielded the paralogues in each lineage occurred after the speciation event that led to their radiation. D. melanogaster and D. rerio also have a three-to-three orthology relationship, but the correspondence between D. rerio and H. sapiens is not always one-to-one. Instead, the orthology relationships between D. rerio and H. sapiens are one-to-zero (for the A3 subgroup), one-to-two (for the A2 subgroup) and one-to-one (for the A1 subgroup) owing to a mammal-specific gene loss (shown in A3) and a eutherian-specific duplication (shown in A2).
Orthologous groups (that is, groups of genes that descend from a single ancestral gene) are convenient to describe evolutionary relationships across species. Orthologous groups (also known as orthogroups) must be defined in relation to a given ancestral species. Thus, the same family can be subdivided into different orthologous groups (corresponding to subfamilies), depending on the desired level of resolution. In the transferrin family, a single orthologous group (A) is defined if the ancestral chordate is taken as a reference, whereas three orthologous groups (A1, A2 and A3) would have to be considered at the level of vertebrates. A given orthologous group may contain genes that are paralogous to each other as a result of lineage-specific duplications that occurred after the reference ancestral species. Paralogues that emerged from such recent duplications are denoted 'in-paralogues', in contrast to 'out-paralogues', which emerge from duplications predating the reference ancestor. Considering the vertebrate ancestor as a reference, human A2.1 and human A2.2 are in-paralogues, whereas human A2.1 and human A1.1 are out-paralogues. However, all of these genes would be in-paralogues and members of the same orthologous group (A), if the ancestral chordate was taken as the reference.
This example demonstrates the inherently hierarchichal nature of the orthology and paralogy relationships. Such hierarchical relationships are naturally represented with the bifurcating structure of a phylogenetic tree but can also be projected into simplified units (orthologous groups) if a given ancestral species is chosen as a reference. The choice of the appropriate level of abstraction and resolution depends on the purpose of the study, but the researcher has to be aware of the assumptions and implications of the chosen model. common in eukaryotes and some bacteria and viruses -are involved, the concept of orthology seems to break down even with a domain-based definition 27 . In principle, the correct description of the evolutionary process can be obtained only by tracing the fates of individual nucleotides. Realistically, however, identification in genomes of stable evolving units, to which the concepts of orthology and paralogy most appropriately apply, is becoming one of the key goals of evolutionary genomics.
The use and abuse of orthology. Despite efforts to capture the complexity of the evolutionary process, the characteristic penchant for simplicity in the descriptions of evolutionary scenarios in non-specialist scientific literature has given rise to widespread misuse and abuse of the orthology concept 17, 19, 28, 29 . It remains rather common to equate orthology to functional equivalence and thus seek 'functional orthologues' 30, 31 or to imply the necessary existence of a single 'true orthologue' of a given gene in any species. Here we attempt to clear these misconceptions by examining the genuine and false implications of the original definitions of orthology and paralogy
.
Sequence conservation
The original definition of orthology focuses only on the mode of evolution from a common ancestral sequence, not on the level of sequence conservation. However, a lower sequence divergence between orthologues as compared to paralogues in the same pair of compared genomes is implied by this definition because the speciation event separating orthologues is inevitably more recent than the duplication events that give rise to out-paralogues in the same two species. This principle is the basis of the popular bidirectional best hit (BBH) approach to orthology identification, which is based on the key assumption that genes in different genomes that are reciprocally the best hit of each other in a sequence similarity search are orthologues 20, 32 . However, violations of the molecular clock -the assumption that orthologous genes evolve at characteristic, gene-specific rates -are common 33, 34 and can clearly affect the relationships between divergence time and sequence similarity.
Thus, a pertinent and still debated question is whether the expectation that BBHs constitute orthologues -arguably the most straightforward implication of orthology -holds in actual comparative genomic analysis. Indeed, it has been reported that the proteins that show the highest sequence similarity to each other in database searches are often not the closest neighbours in phylogenetic trees: that is, they are not orthologues 35 . Several benchmarking studies have shown that BBHs are orthologues, and conversely orthologues identified from independent evidence form BBHs in the overwhelming majority of cases, at least at short to moderate evolutionary distances 12, 36, 37 . Importantly, however, the BBH approach (at least in its straightforward implementation) fails to capture complex relationships of co-orthology. This aspect of orthologous relationships is highly relevant for comparative genomics because the number of BBHs notably drops with the increase of evolutionary distance between compared genomes 37 (FIG. 1) ; this is apparently to a
Box 2 | Units of orthology
The genocentric definition of orthology becomes problematic when homologous proteins in different species differ in domain architecture. The figure is a schematic illustration of the impact of differences in domain architecture across homologous genes on the definition and identification of orthology. Part a shows four homologous functional domains (red, green, yellow and blue) that are present in some of the six species, sometimes combined into multi-domain proteins. Part b is a network representation of the homology relationships among the different domains in different species. Although all four genes coding for proteins with a red domain could be considered to be orthologues, and this would be the outcome of many prediction methods, the variation in domain composition creates conceptual problems. For example, the gene in species 2 probably evolved by fusion between two genes that are independent in the other species; in species 2, this gene is homologous to the other members of the red group only for the first half of the sequence, whereas the second half is homologous to the genes that encode the yellow domain in the other species. Thus, the gene-based definition of orthology does not apply when genes evolve in pieces. A further problem is presented by promiscuous domains (the green domain in the figure), which combine with many other domains, resulting in intricate networks of homology relationships between parts of proteins. An extra layer of complexity is added by lineage-specific domain duplications (for example, as in the protein containing red and green domains in species 4); this creates a situation in which two segments of a given gene are paralogous. To accommodate such complex situations, orthology and paralogy relationships would have to be determined at the level of the smallest observed evolutionary unit, which may correspond to structural domains, exons or even smaller regions. large extent due to lineage-specific gene loss and non-orthologous gene displacement [38] [39] [40] . In addition, the high prevalence of duplications in the evolutionary histories of genes in complex eukaryotes 40, 41 , together with the fact that the evolutionary rates in duplicated genes can greatly vary 42 , adds an extra layer of complexity to the analysis of homologous relationships. In such contexts, the use of more sophisticated methods for orthology and paralogy detection, such as those based on phylogenetic analysis, have a clear advantage over BBH 11, 13 . Conservation of protein structure Directly related to the higher level of sequence conservation among orthologues as compared to paralogues that are diverged to a similar extent at the sequence level is the expectation that orthologues would retain higher levels of similarity at the structural level. Structural conservation can be investigated either at the level of the organization of structural domains along a sequence (that is, the domain architecture) or at the level of the three-dimensional structure of individual domains. Two independent studies have yielded results that are compatible with these expectations. A genome-wide benchmarking analysis showed a significantly greater similarity of domain architectures among orthologous proteins compared with paralogous proteins that are similarly diverged at the sequence level 43 . However, detailed analysis of domain architectures within orthologous protein sets from diverse organisms reveals a more complex picture 22, 44 . Especially in eukaryotes, orthologous proteins often show differences in domain architectures, and there is a clear trend towards domain accretion in complex, multicellular forms 22, 44 . Another study directly compared available crystal structures to test whether proteins encoded by orthologous genes were more highly structurally conserved than proteins encoded by similarly diverged paralogous genes 45 . The results of this analysis again are compatible with the hypothesis, demonstrating that orthologous proteins indeed possess slightly, but consistently and statistically significantly, more similar structures than do paralogous proteins at the same evolutionary distances.
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Orthology-function conjecture
The aspect of orthology that is most immediately important for genome researchers and biologists in general is the expectation that orthologous genes are responsible for equivalent functions in different organisms. This orthology-function conjecture (which is a key facet of the generalized orthology conjecture discussed above) constitutes the conceptual basis of functional annotation of sequenced genomes that is essential for experimental biology in the post-genomic era 6, 17 . The strongest form of the orthology conjecture would also encompass the converse hypothesis: namely, that functionally equivalent genes in organisms are orthologous. This proposition has been directly falsified: functional equivalency does not imply orthology. Indeed, many cases of non-orthologous gene displacement were already discovered in the early days of comparative genomics when it was shown that various biological functions, including central ones, such as DNA replication, are carried out by unrelated or at least non-orthologous proteins in evolutionarily distant organisms 38, 46 . A systematic survey of the evolution of enzymes has shown that up to 10% of enzymatic reactions are catalysed by non-homologous and isofunctional enzymes in different organisms 47, 48 . Thus, evolution of independent solutions for the same molecular function is an exception in biology but not a rare one.
The 'forward' orthology conjecturenamely, that orthologues carry out equivalent functions, whereas paralogues undergo functional diversification -is often taken more or less for granted. However, anecdotal evidence has been presented that the functional differences between orthologues are in some cases greater than expected and might be about the same as the difference between paralogues at a similar level of sequence divergence 8 . For example, it has been shown that orthologous transcription factors do not necessarily share specificity 49 . Moreover, a recent benchmarking study 9 unexpectedly has suggested that, at the same level of sequence divergence, orthologous genes are significantly more functionally divergent than are paralogues within the same species. This finding was congruently supported by comparison of the functional annotation of genes according to Gene Ontology (GO) and by comparison of expression profiles across a wide range of animal tissues 9 . The iconoclastic conclusion of this study -namely, that intra-organismal environment is of greater importance as a determinant of gene function than is orthology -has attracted broad attention 50 and
Box 3 | Genuine and false implications of orthology and paralogy relationships
• Orthologues form a clade (that is, they are monophyletic) in an accurate phylogenetic tree. This is a necessary corollary of the orthology definition
• Orthology does not imply a one-to-one relationship between genes from different organisms.
Lineage-specific gene duplications often lead to one-to-many and many-to-many co-orthology relationships
• The molecular clock is not implicit in the definition of orthology: orthologues in different lineages may evolve at different (in principle, arbitrarily different) rates
• Conservation of sequence, structure or genomic context is not implicit in the definition of orthology.
• Given the above, orthology does not necessarily imply that orthologous genes (even in the absence of lineage-specific duplications) are the most similar sequences or structures in compared genomes.
• The converse is not necessarily true either: genes that are most similar to each other in compared genomes (often denoted bidirectional best hits (BBHs)) might not be orthologous. The BBHs may represent cryptic paralogy after differential loss of ancestral paralogues in compared lineages or xenologues, whereby one of the genes in a BBH pair was acquired by horizontal gene transfer.
• Orthology does not necessarily imply conservation of gene function.
• The converse is not necessarily true either: genes with equivalent functions are not necessarily orthologous.
• All of the above caveats notwithstanding, the generalized orthology conjecture predicts that, as a genome-wide statistical trend, orthologues are the most similar genes in different species, in terms of sequence, structure and function.
• Paralogy applies to genes not only within species (as often assumed) but also between species; in cases of differential gene loss and complex evolutionary scenarios, distinguishing orthology and paralogy may be non-trivial
• Paralogy does not necessarily imply functional divergence (as is often assumed): for instance, paralogy may contribute to protein dosage modulation.
• Nevertheless, the generalized orthology conjecture implies that, as a general trend, paralogues are more functionally different than orthologues at the same level of sequence divergence.
has triggered several independent reanalysis efforts 51, 52 . These studies seem to converge on the conclusion that the perceived greater functional similarity between paralogues can primarily be explained by biases in functional annotation and gene expression measurements within and between species. In particular, it appears that both functional annotations and expression measurement are biased towards a greater similarity in within-species compared with betweenspecies comparisons. When the measurements are carefully controlled, orthologues appear to be more functionally similar than paralogues, albeit not necessarily by a wide margin 51, 52 (FIG. 2) . This difference is more pronounced for the GO category 'cellular component' than in, for instance, the 'biological process' category, and it is as of yet unclear whether this reflects actual differences in the process of functional adaptation or rather differences in how these two GO categories are structured. Indeed, the 'biological process' category has a complex structure with boundaries between terms that are more difficult to assign than the more clear-cut concept of the subcellular localization of a protein. These results based on GO term analyses are in line with earlier analyses showing that orthologues have more similar patterns of tissue expression than across-species paralogues with a similar level of sequence divergence 53 and are also in line with a recent study of tissue expression in eight mammalian species that arrived to the same conclusion 54 . However, this study in mammalian species detected no significant differences in the functional similarity between orthologues and paralogues, presumably owing to the insufficient accuracy of GO annotations 54 . Clearly, the quality of functional information is a major Figure 1 | Decay of the number of one-to-one orthologues with the increase of the intergenomic evolutionary distance. Here we use bidirectional best hits (BBHs) as a proxy for one-to-one orthologues. The dependency of the fraction of genes that can be assigned a BBH on the evolutionary distance between genomes is shown for two genomes: the bacterium Escherichia coli K12 (a); and the archaeon Haloarcula marismortui (b). In this analysis, these are termed the 'master' genomes. For all proteins encoded in each of the master genomes, a BLASTP search 57 was carried out against the protein sequences from 573 representative bacterial and archaeal genomes, and for the most similar proteins (that is, the best hits), a reciprocal BLASTP search was carried out to identify BBHs. The BLASTP score for each BBH was normalized by the self-hit score in the master genome and converted into distance using the formula distance = -ln(score). The distance between the genomes that were compared was estimated as the median distance between BBH pairs. Please see REF. 37 for further details. 
Glossary
Alternative transcription
The expression of multiple transcripts with different structures from the same gene locus.
Bidirectional best hit
(BBH). A pair of genes that show the greatest sequence similarity to each other in a complete, reciprocal comparison of the gene (protein) sequences from a pair of compared genomes.
Co-orthologue
A gene in a species (or group of species) that is jointly orthologous to the same gene (or genes) in another species (or group of species).
Domain accretion
In evolution, the addition of sequences encoding extra structural domains to protein-coding genes.
Gene Ontology
(GO). A collaborative bioinformatic project aiming at providing an ontology of defined terms representing gene product properties.
In-paralogues
Paralogous genes that originate from a lineage-specific duplication that postdates that reference ancestral species.
Non-homologous and isofunctional
When referring to proteins, these are proteins that in different species carry out equivalent biological functions but are not homologous.
Orthologues
Homologous genes related by speciation.
Orthologous groups
Sets of genes that are inferred to have evolved from a single ancestral gene in the reference ancestral species.
Out-paralogues
Paralogous genes that originate from a duplication that antedates that reference ancestral species.
Paralogues
Homologous genes related by duplication.
Xenologues
Homologous genes that originate from horizontal gene transfer.
factor in assessing the validity of the orthology-function conjecture, and decisive tests require substantial improvements over the current models. On the whole, the orthology conjecture appears to hold, at least as a statistical trend. Having stated this central conclusion, it is useful to note that another outcome of all these analyses is the rather weak (on average) functional similarity between orthologous genes (FIG. 2) . It seems certain that this limited congruence between orthologues depends both on the imprecise methods that are currently used for comparing gene functions in different organisms (with respect to expression analysis and especially to gene ontologies) and on actual differences caused by distinct, organism-specific environments and the general ambiguity of the genotypeto-phenotype mapping. The relative contributions of these factors are expected to be the subject of many future studies.
Conclusions
Orthology and paralogy as concepts and terms are central to comparative and functional genomics owing to their several major, biologically important implications. Some of these implications directly follow from the original definitions, whereas others rely on additional observations, such as the association of gene duplication with functional divergence
. Each of the implications of orthology and paralogy can be formulated as a falsifiable hypothesis, and as discussed here several focused efforts have aimed at testing the predictions of these hypotheses. In general, the results of comparative genomic studies appear to be compatible with the generalized orthology conjecture: orthologues typically are the most similar genes in the respective species in terms of sequence, structure, domain architecture and function, the reservations regarding the current state of functional annotation notwithstanding. Despite many exceptions, this conjecture appears to hold as a general, statistical trend. Although the basic definitions are straightforward, it has to be emphasized that orthology and paralogy are simplifications that are used to dissect extremely complex processes of evolution, so extensive further research is required to refine and to optimize the application of these concepts. They are based on comparisons of Gene Ontology annotations backed by experimental evidence extracted from publications sharing no common authors. In addition, this measure takes into account annotation biases in the different species and other possible confounding factors. Nonsignificant differences between orthologues and paralogues (P value >0.001, using a Mann-Whitney U test) are indicated in grey.
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